Orf virus (ORFV) OV20.0L is an ortholog of vaccinia virus (VACV) gene E3L. The function of VACV E3 protein as a virulence factor is well studied, but OV20.0 has received less attention. Here we show that like VACV E3L, OV20.0L encodes two proteins, a full-length protein and a shorter form (sh20). The shorter sh20 is an N-terminally truncated OV20.0 isoform generated when a downstream AUG codon is used for initiating translation. These isoforms differed in cellular localization, with full-length OV20.0 and sh20 found throughout the cell and predominantly in the cytoplasm, respectively. Nonetheless, both OV20.0 isoforms were able to bind double-stranded RNA (dsRNA)-activated protein kinase (PKR) and dsRNA. Moreover, both isoforms strongly inhibited PKR activation as shown by decreased phosphorylation of the translation initiation factor eIF2␣ subunit and protection of Sindbis virus infection against the activity of interferon (IFN). In spite of this apparent conservation of function in vitro, a recombinant ORFV that was able to express only the sh20 isoform was attenuated in a mouse model.
O
rf virus (ORFV), a member of the Parapoxvirus genus and the Poxviridae family, is the causative agent of contagious ecthyma in sheep, goats, and other ruminants. The disease is characterized by the development of pustular lesions around the nostrils and mouth with a high incidence rate and a low mortality rate in healthy adult animals. In contrast, infection in immunosuppressed animals or in lambs may be fatal (1) . ORFV is also of concern as a source of zoonotic infection because it can cause cutaneous lesions in humans in contact with infected animals. Persistent infection with ORFV can be observed in goats and sheep, and while the severity of lesions is reduced compared with that seen in primary infection, this persistence suggests that the virus is able to evade host immunity (2) (3) (4) . In line with this observation, ORFV has been shown to encode several proteins that modulate the host response to infection. These include viral homologues of ovine cytokines, such as vascular endothelial growth factor, interleukin-10 (IL-10), and a granulocyte-macrophage colony-stimulating factor (GM-CSF)-inhibiting protein, as well as an apoptosis inhibitor (5) (6) (7) . ORFV also antagonizes interferon (IFN) signaling, and this is done by the product of the gene OV20.0L. As a result of the concerted expression of these genes, ORFV is able to promote its replication even while under host immune attack (8) .
The double-stranded RNA (dsRNA)-dependent protein kinase (PKR) pathway is an important mechanism in innate sensing and response to virus infection in mammalian cells (9) . PKR itself consists of two N-terminal dsRNA binding domains (DRBD) and a C-terminal kinase catalytic domain. The protein is activated by binding of dsRNA to the DRBD, so that dimerization followed by stimulation of transautophosphorylation of PKR occurs (10) (11) (12) . PKR activation leads to phosphorylation of a number of different substrates that have diverse antiviral effects. These include activation of the transcription factors NF-B and interferon regulatory factor 3 (IRF3), known to promote proinflammatory responses (13) . In addition, caspase activation and the induction of apoptosis have also been observed when PKR is activated by certain stimuli (14) . Finally, activation of PKR contributes to an inhibition of protein synthesis, which occurs via phosphorylation of the alpha subunit of eukaryotic initiation factor 2 (eIF2␣), which plays a vital role in translational control in viral infection (15) . The E3 protein (here abbreviated as VVE3) of vaccinia virus (VACV) competes with PKR for dsRNA binding and interacts directly with PKR itself to block activation of this pathway (5, 16) . These activities result in the maintenance of protein synthesis and an inhibition of apoptosis, which favor viral replication and survival. A similar strategy has also been described for other viral proteins, for instance, the reovirus 3 protein, the influenza virus NS1 protein, and the human cytomegalovirus TRS1 protein, which can circumvent the shutoff of protein synthesis due to the phosphorylation of the elF-2␣ translation initiation factor mediated by activated PKR (17) (18) (19) (20) .
VVE3 is encoded by the E3L gene, which has orthologs in many chordopoxviruses, including members of the Orthopoxvirus, Leporipoxvirus, Capripoxvirus, Suipoxvirus, Yatapoxvirus, and Parapoxvirus genera, including OV20.0L of ORFV (21, 22) . The VACV E3L gene encodes two isoforms of VVE3 with molecular masses of 25 and 20 kDa that arise due to leaky scanning of the ribosome leading to the use of two alternate initiation codons (5) . Current knowledge of E3 structure and function is based largely on the longest form of VVE3, which comprises approximately190 amino acids and is a crucial factor in VACV host range and virulence (21, 22) . This VVE3 form contains two nucleic acid binding domains (BD): an N-terminal Z-DNA-BD (residues 4 to 72) and a C-terminal dsRNA-BD (residues 117 to 182) (23, 24) . In addition, VVE3 physically interacts with PKR via a domain near the N terminus (16) .
OV20.0, the ORFV ortholog of VVE3, is relatively poorly studied. The amino acid sequence of OV20.0 has low overall identity with VVE3 ( Fig. 1A) but retains predicted functional motifs at the N-and C-terminal ends (6) . The dsRNA binding ability of OV20.0 has been pinpointed by electrophoretic mobility shift assays (EMSA) using recombinant fusion proteins (6) . However, dsRNA binding ability in the course of ORFV infection has not been examined. Haig et al. demonstrated that OV20.0 (also referred to as the OVIFNR gene product) inhibits PKR activation and overexpression of OV20.0 is able to protect an unrelated virus infection from the antiviral effects of both type I and type II IFN in cultures of ovine fibroblasts (25) . A study of recombinant VACV expressing a series of the chimeric VVE3-OV20.0 proteins has indicated that the N-terminal, but not C-terminal (including the dsRNA The sequences of the OV20.0L gene of ORFV (viral OV20.0) and three constructs used in this study are shown. BamHI was the communal site for insertion of the OV20.0L DNA into the vector. In constructs Kozak 20 .0-eGFP and sh20-eGFP, the Kozak consensus sequence (CCACCATGG) was inserted at the upstream region of initial codon ATG. (C) Expression of the OV20.0 isoforms in ORFV-infected cells. Goat fibroblast cells were mock infected (lane1) or infected by ORFV at an MOI of 1, and total cell lysate was harvested at 12, 24, and 36 h postinfection (hpi). (D) OV20.0 and sh20 expression in cells. Human embryonic cells (293T) were transfected with plasmids designed to express wild-type OV20.0L (OV20.0-eGFP), full-length OV20.0 only (Kozak 20-eGFP), or sh20 only (sh20-eGFP) in the left blot. In the right blot, plasmids expressing wild-type OV20.0 (OV20.0-TAP) and a second construct expressing only full-length OV20.0 (⌬3ATG-TAP) were used. Total cell lysates were collected after 24 h, resolved by SDS-PAGE, and detected using an OV20.0-specific antibody on Western blots. binding), domain of OV20.0 is able to complement the relevant function of VVE3 (26) . This suggests that OV20.0 may interact with dsRNA via a mechanism that is distinct from that of VVE3. Furthermore, OV20.0 is able to rescue the IFN-sensitive and restricted host range phenotypes of E3-deficient VACV only in cultured cells, but such rescue does not occur in animal models (26) . Hence, the precise mechanism of how OV20.0 modulates the host immune pathway remains unclear, and while OV20.0 shares some properties with VVE3, the two proteins are not entirely functionally equivalent.
In this study, we found that like VACV E3L, OV20.0L encodes two isoforms. Next, the origin of the two isoforms was explored as well as several aspects of the mechanisms underlying their function. Specifically, the role that OV20.0 plays in the inhibition of PKR signaling was analyzed with a focus on understanding the equivalence of the two OV20.0 isoforms in vitro and in vivo.
MATERIALS AND METHODS
Cell maintenance. Human embryonic kidney cell line 293T and Vero cells were propagated in Dulbecco's modified Eagle's medium (DMEM; Gibco BRL, Life Technologies Corporation, Carlsbad, CA, USA) with 10% fetal calf serum (FCS; HyClone, Logan, UT, USA) and 1% penicillin-streptomycin (Gibco BRL). Human A549, goat primary testis (GT), and goat fibroblast cells were grown in RPMI medium (Gibco BRL) supplemented with 10% FCS (HyClone, Logan, UT, USA) and 1% penicillin-streptomycin (Gibco BRL). These cells were cultured at 37°C with 5% CO 2 .
Viruses and infection. Wild-type ORFV (strain Hoping) (27) was cultivated in goat primary testis cells, and its titer was determined by standard plaque assay. Recombinant Sindbis virus (SINV) containing an enhanced green fluorescent protein (eGFP) expression cassette inserted between the capsid and E3 genes of Sindbis virus (28) was a gift from Lih-Hwa Hwang (Graduate Institute of Microbiology and Immunology, National Yang Ming University, Taipei, Taiwan). For infection, 80% confluent cell monolayers were incubated with ORFV at the indicated multiplicity of infection (MOI) in infection medium (DMEM without FCS). After allowing 1 h for viral adsorption, the infection medium was replaced by fresh DMEM with 2% FCS, and vessels were returned to 37°C with 5% CO 2 .
Construction of plasmids. A series of plasmids were generated to express various recombinant VVE3 (or OV20.0) proteins in an Escherichia coli system. VVE3, OV20.0, and PKR genes were amplified by their respective designed primer sets (vaccinia E3L-F, 5=-AAGGATCCCATATGTCT AAAATCTATATCGACG-3=, and vaccinia E3L-R, 5=-AAGCGGCCGCC TCGAGGAATCTAATGATGACGTAACC-3=; Orf-OV20.0L-F, 5=-ATAC GCCCATATGGCCTGCGAGTGC-3=, and Orf-OV20.0L-R, 5=-CGGGA TAAGTCGACGAAGCTGATGCCG-3=; PKR-F, 5=-CCGCTAGCATGG CTGGTGATCTTTCAG-3=, and PKR-R, 5=-CGCTCGAGACATGTGTG TCGTTC-3=) based on the sequences published in GenBank; the accession numbers for OV20.0L and vaccinia virus E3L are ABY41266 and AAA02759, respectively. All fragments were produced under the same PCR conditions: initial denaturation at 95°C (5 min), followed by 35 cycles of denaturation (95°C, 30 s), annealing (55°C, 45 s), and extension (72°C, 45 s), and a final extension (72°C, 7 min). PCR products were digested by corresponding restriction enzymes introduced in primers (underlined sequences) and ligated into pET24a, a prokaryotic protein expression vector; the resulting plasmids were named pET24a-VVE3, pET24a-OVE3, and pET24a-PKR. The construct expressing short-form OVE3, designated pET24a-sh20, was constructed by self-ligation of the fragment of pET24a OVE3 linearized with NdeI and NcoI, followed by a Klenow enzyme reaction and blunt-end ligation. A similar strategy was used to generate pET24a-VVE3⌬C expressing C-terminally truncated VV E3: pET24a-VVE3 was digested by AatII and XhoI enzymes followed by blunt-end self-ligation.
Several plasmids were constructed for transient transfection of various E3 ortholog proteins in mammalian cells; the sequences surrounding the putative translation start sites are shown in Fig. 1B . DNA fragments of eGFP, OV20.0L, sh20, OV20.0L flanked with Kozak consensus sequences, and human PKR were obtained from templates (pEGFP-C1, pET24a-OV20.0, pET24a-sh20, pET24a-Kozak-OV20, and pET24a-PKR, respectively) by PCR using the following primer sets: GFP-NotI-F, 5=-AAGCG GCCGCAATGGCTAGCAAAG-3=, and GFP-XbaI-R, 5=-CGGCTATCTA GATGTACAGTTCATC-3=; Orf OV20.0L-Kozak-BamH I-F, 5=-TTTGG ATCCGCCACCATGGCCTGCGAGTG-3=, Orf OV20.0L-BamH I-F, 5=-CTTGGATCCTTATGGCCTGCGAGTG-3=, Orf OV20.0L-NotI-R, 5=-G CTTGCGGCCGCTAAGAAGCTGATG-3=, and Orf sh20-BamH I-F, 5=-TTTGGATCCGCCACCATGGAGACTGAGG-3=; PKR-NheI-F, 5=-CCG CTAGCATGGCTGGTGATCTTTCAG-3=, and PKR-HA-XbaI-R, 5=-GG TCTAGATTAAGCATAATCTGGAACATCATATGGATAACATGTGTG TCGTTCATTTTTCTC-3=, respectively. The sequence of the hemagglutinin (HA) tag, written in italics, was introduced in the reverse primer to generate PKR with the HA tag fused at the 3= terminus. The PCR amplification was conducted by initial denaturation at 95°C (5 min), followed by 35 thermal cycles of denaturation (95°C, 30 s), annealing (55°C, 60 s), and extension (68°C, 60 s), followed by a final extension (68°C, 7 min). The resulting PCR products were digested with restriction enzymes (as indicated by underlining in primers) and ligated with pcDNA3.1 (ϩ) cleaved with enzymes corresponding to those used in insert fragment preparations. The resulting plasmids were designated pcDNA3.1-eGFP, pcDNA3.1-Kozak-OV20.0-eGFP, pcDNA3.1-OV20.0-eGFP, pcDNA3.1-sh20-eGFP, and pcDNA3.1-PKR-HA. pTAP-OV20.0-⌬3ATG was generated to change the third ATG codon (ATG¡ATT) via a site-directed mutagenesis kit (QuikChange Site-Directed mutagenesis; Stratagene Corp., CA, USA) on the plasmid pTAP-OV20.0, which contains the full-length OV20.0L gene in the pNTAP-C vector (Agilent Technologies).
Expression and purification of recombinant proteins. Recombinant proteins were expressed in E. coli strain BL21(DE3) with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) induction for 4 h at 37°C. Bacterial pellets were collected and dissolved in binding buffer (1/10 of culture volume) without denaturing agent (0.01 M imidazole, 0. 5 M NaCl, 0.05 M Tris-HCl, 200 g/ml lysozyme) followed by sonication. The protein in soluble fraction used for assays was obtained by centrifugation at full speed for 10 min at 4°C. All the proteins were expressed as fusion proteins with the six-histidine tag (His tag) at the C terminus, which allows further purification by metal affinity chromatography, using chelating Sepharose Fast Flow (GE Healthcare) according to the manufacturer's instructions. The high concentration of imidazole was removed from purified protein by a series of dialysis against phosphate-buffered saline (PBS) (0.02 M phosphate, 0.15 M NaCl) at 4°C. The Bradford method (Bio-Rad) was used to determine protein concentrations.
Poly(I·C) pulldown assay. For poly(I·C) pulldown assays, first, poly(C)-coated agarose (Sigma-Aldrich) was mixed with 2 volumes of 2-mg/ml poly(I) (Sigma-Aldrich) prepared in buffer containing 50 mM Tris (pH 7.0) and 150 mM NaCl and incubated at 4°C for overnight with gentle rocking. The poly(I·C) agarose beads were collected by centrifugation at 800 ϫ g, washed with 50 mM Tris (pH 7.0)-150 mM NaCl, and resuspended in binding buffer A (50 mM Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, and 1% Nonidet P-40) as a 10% final slurry. For dsRNA binding assay, poly(I·C) beads were combined with 1 g of recombinant OV20.0 or sh20 proteins of binding buffer A (in 50 l of reaction mixture) and incubated at 4°C for 1 h. The poly(I·C) beads were collected by centrifugation at 800 ϫ g and washed twice with buffer C (10 mM Tris-HCl [pH 7.8], 6 mM MgCl 2 , 80 mM KCl, 2 mM dithiothreitol, 250 mM sucrose, and 0.1 mM EDTA). After the final wash procedure, beads were collected by centrifugation and resuspended in 3ϫ SDS sample dye.
The orf virus-infected cell lysate containing OV20.0 isoforms used for dsRNA binding assay was prepared as follows: goat fibroblast cells were infected with orf virus at an MOI of 1. At 24 h postinfection (hpi), cells were trypsinized and pelleted by centrifugation at 800 rpm. The cell pellets were then resuspended in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris [pH 7.9], 150 mM NaCl, 0.1% SDS, 1.0% NP-40, 0.5% sodium deoxycholate) and kept on ice for 10 min, followed by centrifugation (11,000 ϫ g).
ELISA-based dsRNA binding assay. For the enzyme-linked immunosorbent assay (ELISA), two strands of RNAs (5=-AGACCCAAGCUGG CGGGCGAAUUGGAGCUCCACCGCGGUGGC-biotin; 5=-GCCAC CGCGGUGGAGCUCCAAUUCGCCCGCCAGCUUGGGUCU, synthesized by Invitrogen) were resuspended in Tris-EDTA (TE) buffer (10 mM Tris, 1 mM EDTA [pH 8.0]). Equal molarity amounts of each RNA strand were mixed in annealing buffer (10 mM Tris [pH 8 .0], 20 mM NaCl), heated to 90°C in a water bath for 5 min, and gradually cooled down to room temperature. The biotin-dsRNA was incubated with 1 g of VVE3, OV20.0, or sh20 proteins (all recombinant proteins fused with His tag) at room temperature for 1 h in PBS. The mixture of biotin-dsRNA and E3 (or OV20.0) proteins was then added straight, or with 20, 100, or 500 ng poly(I·C) (Sigma-Aldrich) as competitor, into a 5% bovine serum albumin (BSA)-blocked 96-well microplate coated with streptavidin (Thermo Fisher Scientific). Engagement of the dsRNA complex with the streptavidin-coated plate was carried out for 1 h at room temperature. For detection of the presence of E3 (or OV20.0) proteins in the RNA complex, 1:5,000-diluted His-specific antibody (AbD Serotec) was added in the well for 1 h, followed by a wash procedure, and incubated with 1:10,000-diluted horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Jackson) for 1 h. The signal was detected by chromogenic substrate (tetramethylbenzidine [TMB]) for 10 min and terminated by addition of 50 l H 2 SO 4 . The optical density (OD) of each well was read at 450 nm with reduction at 630 nm using a microplate reader (Tecan). Between all steps, wells were washed by PBST, i.e., PBS (pH 7.4) containing 0.1% (vol/vol) Tween 20, three times.
Western blot analysis. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane, followed by immunoblotting with diluted antibodies, such as polyclonal anti-OV20.0 sera (1:2,000) generated from mice immunized with purified OV20.0 recombinant protein, anti-eIF2␣ antibody (1:2,000; 2103s; Cell Signaling), anti-eIF2␣-p antibody (1:1,000; ab32157; Abcam), anti-PKR antibody (1:2,000; ab32052; Abcam), anti-PKR-p antibody (1: 1,000; ab32036; Abcam), or anti-His antibody (1:5,000; GTX115045; Gene Tex), anti-actin antibody (1:5,000; GTX26276; Gene Tex), and antieGFP sera (1:5,000) from mice immunized with purified eGFP recombinant protein. Goat anti-rabbit or mouse IgG-conjugated HRP (1:10,000-fold diluted; Jackson Laboratory) was incubated with membranes for 1 h at room temperature. After an extensive wash with PBST, the PVDF membrane was treated by an enzyme-linked chemiluminescence system (ECL; Amersham, GE Healthcare), and the signal was detected by chemiluminescence. Several PBST washes were conducted between all steps.
Transfection and immunofluorescence assay. Transfection of plasmids for transient expression was done with Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. In brief, cells were seeded in the plate 1 day before transfection. For observing OV20.0 cellular distribution, 0.8 g of constructs expressing OV20.0-eGFP was transfected individually to cells (seeded in a 24-well plate). At 24 h posttransfection, cells were fixed with 4% paraformaldehyde for 15 min and then washed twice with PBS. To visualize the nuclei, cells were stained with 4,6-diamidino-2-phenylindole (DAPI) for 10 min and mounted onto slides, followed by fluorescence microscopy. Cell lysates for coimmunoprecipitation and determination of PKR and eIF2␣ phosphorylation levels were prepared by the same transfection procedures.
Detection of PKR and eIF2␣ phosphorylation following poly(I·C) stimulation. Constructs expressing full-length OV20.0 (designated Kozak OV20-eGFP), sh20-eGFP, or eGFP (control) were individually transfected into 293T cells. After 24 h of transfection, cells were treated with poly(I·C) by transfection. Total cell lysate was collected at the indicated times for detection of basal and phosphorylation forms of PKR and eIF2␣ by Western blotting. Actin was used as a control in immunoblotting.
Coimmunoprecipitation of PKR and OV20.0. For the in vitro coimmunoprecipitation assay, 1 g of OV20.0 or sh20 recombinant proteins was mixed with 1 g of PKR protein in PBS as a binding buffer and incubated at 30°C, and a small aliquot was taken as input control. After 1 h of incubation, specific antibody was added into the tube. After a 1-h interaction time, protein A-agarose (Millipore) was blended with the mixture for another hour. Immunocomplex-protein A beads were harvested by centrifugation at 2,000 rpm for 5 min. Supernatant containing unbound proteins was kept for further analysis. After successive PBS washes, the agarose beads were resuspended in SDS sample dye and analyzed by Western blotting.
For immunoprecipitation of proteins expressed in mammalian cells, at 24 h posttransfection, cell pellets were resuspended in RIPA buffer and incubated on ice for 10 min followed by centrifugation at full speed. Supernatant, as crude cell lysate, was mixed with anti-PKR antibody at 30°C for 1 h. Protein A-agarose beads were then added into the reaction mixture, which was incubated for 1 h. Following thorough wash procedures with TNTG (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.1% Triton X-100, 10% glycerol), the protein bound with agarose beads was harvested for Western blot analysis.
RNA extraction and real-time PCR. At 24 h after Kozak20, sh20, or eGFP transfection, cells were further transfected with 1 g/ml of poly(I·C) for 4 h. Total RNA was then extracted by the TRIzol reagent (Invitrogen) according to the manufacturer's instructions. cDNA was synthesized by using oligo(dT) primers. The primer sets for cytokines and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and the conditions for PCR were the same as described in a previous report (13) . Real-time PCR was performed using LightCycler 480 SYBR green I Master (Roche) on a LightCycler 480 instrument (Roche). The expression level of GAPDH was used as an internal control to establish standardization among samples. Data were normalized to the geometric mean of GAPDH and analyzed by the 2 Ϫ⌬⌬CT method. Construction of transfer vectors for generating recombinant orf viruses. For the ease of screening recombinant orf virus, the eGFP coding region was cloned into the transfer vector. To do so, initially, two strands of oligonucleotides for vaccinia virus H5 promoter (VACVH5) (sequences, 5=-GGATCCAATAAATACTAATAAAGAGCGAAGTTAAAT TGTGTTGGGAGTTCTTGGAAACATAAATAAAAGTTAAAAAGCT AGC-3=) were synthesized, annealed, and trimmed with BamHI and NheI (the sequences of enzyme recognition [underlined] were introduced in the oligonucleotides). The coding region of eGFP was amplified from pEGFP-N (Clontech) by PCR. The DNA containing eGFP sequences trimmed with NheI and XbaI and the VACVH5 fragment were cloned into pUC19 linearized with BamHI and XbaI, resulting in plasmid pUC19-VACVH5 eGFP. Upstream and downstream regions of the OV20.0L gene that serve as flanking sequences for homologous recombination were separately amplified by two primer sets. The sequences of the primers used for amplification are as follows: for the upstream region, F-up-HindIII primer, 5=-TATAAGCTTCGGGCGATGGACGAACACC G-3=, and R-up-SalI primer, 5=-TAAGTCGACTGTGGCGTATTTACGG GGCGTG-3=; for the downstream region, F-down-BamHI primer, 5=-A AGGATCCTTTTTATCTCGCGCCGGCCACCG, and R-down-EcoRI primer, 5=-TTGAATTCTGGTGTACAGCGCGGAGGCCATC 3=). The PCR products containing upstream and downstream regions were sequentially cloned into the pUC19-VACVH5 eGFP plasmid cut with SalI/ HindIII and EcoRI/BamHI restriction enzymes, generating plasmid pUC19-flank E3-VACVH5eGFP.
To construct the transfer vector for sh20 orf virus, DNA containing sh20 sequences was amplified by PCR (with primers F-sh20-SalI, 5=-TCG TCGACATGGAGACTGAGGCTG-3=, and R-sh20-XbaI, 5=-CCTCTAGATTACTTATCGTCGTCATCCTTGTAATCGAAGCTGAT GCCGCAGTTGTTGATG-3=) and was then cloned into pUC19-flank OV20.0-VACVH5eGFP cut with XbaI/SalI. For OV20.0-FLAG recombi-nant virus, a fragment containing OV20.0L sequences with fusion of FLAG tag at its C terminus was amplified by PCR using degenerated primers F-OV20.0-HindIII, 5=-GGAAGCTTAAATACGCCACAATG GCCTGCGAG-3=, and R-OV20.0-FLAG-SalI, 5=-CCGTCGACT TACTTATCGTCGTCATCCTTGTAATCGAAGCTGATGCCG CAGTTGTTGATG-3=. The PCR fragment was then cloned into plasmid pUC19-flank 20.0-VACVH5eGFP linearized with SalI/HindIII to replace the DNA of the upstream region.
A revertant virus, of which the sh20-eGFP expression cassette in sh20-GFP orf virus was replaced by the wild-type OV20.0L gene, was also made. To do so, a set of primers, i.e., a 5= primer (5=-CATCGCGTGTTTGGGC TTTC-3=) and a 3= primer (5=-ATGCCGATGATGATCCAGAC-3=), was used to amplify the OV20.0L gene containing its up-and downstream sequences from wild-type orf virus DNA. Then, the PCR product was cloned into the TA plasmid, which serves as the transfer vector for creating revertant orf virus.
Generation of recombinant orf viruses. Initially, 293T cells were infected with wild-type orf virus at an MOI of 0.05. At 1 hpi, infected cells were transfected with the transfer plasmids specific for generating recombinant orf virus, namely, FLAG-OV20.0-GFP orf, FLAG-sh20-GFP orf virus, or revertant OV20.0 orf virus (sh20-Rev). Three days postinfection (p.i.), cells were harvested, followed by sonication. The cell lysate containing orf virus was 10-fold serially diluted and inoculated into goat fibroblast cells. The infected cell monolayer was overlaid with 0.6% agarose gel, and cell morphology was observed by fluorescent microscopy daily. Pure recombinant sh20-GFP orf virus was isolated after three rounds of plaque purification. The homogeneity of recombinant viruses in each run of plaque purification was initially determined by PCR using primers forward rOrf E3-5=-CATCGCGTGTTTGGGCTTTC-3= and reverse rOrf E3-5=-ATGCCGATGATGATCCAGAC-3=. The genotype of purified recombinant virus was further confirmed by Southern blotting using a DNA probe targeting specific segments from viral DNA cut with XhoI restriction enzyme (data not shown). The OV20.0 protein expression profile in recombinant virus-infected cell lysates was confirmed by Western blot analysis (data not shown).
Pathogenicity of orf viruses in the mouse model. Groups of 6-weekold female BALB/c mice (five per group) were inoculated with 10 7 PFU of orf virus or with PBS (as negative control) in the internal face of the ear scraped by sandpaper as described previously (29) . The protocol was approved by the IACUC of National Chung-Hsing University (approval number 101-40). Mice were weighed daily for 5 days postinfection, and the weight change was calculated. Clinical signs, including erythema, exudate, macule, papule, vesicle, pustule, and scab, were recorded daily and scored according to the guideline whereby each symptom registers one point toward a cumulative score. Blood was taken from each mouse at 5 days p.i. for determining the concentrations of IL-6, tumor necrosis factor alpha (TNF-␣), and IFN-␥ in serum by ELISA. At 5 days p.i., mice were sacrificed and ear samples were collected followed by sonication in 1 ml DMEM. The supernatants were inoculated onto monolayers of goat fibroblast cells for determination of virus loads by standard plaque assay.
Statistical analysis. Data are shown as means Ϯ standard errors of the means (SEM). Student's t test was used to evaluate significant differences. The results of analysis were conducted by using the GraphPad statistical package analysis tool (GraphPad Software, San Diego, CA). A P value of Ͻ0.05 indicates a statistically significant difference; in all figures, single, double, and triple asterisks indicate P values of Ͻ0.05, Ͻ0.01, and Ͻ0.001, respectively.
RESULTS
Two OV20.0 isoforms are expressed during infection. We began by comparing OV20.0 with its orthologs from goatpox virus (GPV; a capripoxvirus) and VACV. OV20.0 shares 31% amino acid identity with VACV E3, but motifs for the Z-DNA binding domains, a nuclear localization signal (NLS), and the dsRNA binding domain are recognizable across these E3L orthologs, despite some variations (Fig. 1A) . Next, we characterized OV20.0L expression during infection of goat fibroblasts with ORFV by Western blotting (Fig. 1C) . A product of the expected mobility for full-length OV20.0 was observed starting from 12 h postinfection (hpi) with a peak at 24 hpi before it declined by 36 hpi. In addition, a second, shorter protein (called sh20) was detected, also appearing first at 12 hpi but continuing to build up through 36 hpi. The apparent existence of two isoforms of OV20.0 was not entirely unexpected because VACV E3 is expressed as two isoforms, possibly due to leaky scanning and initiation on a downstream AUG codon (30) . To explore this possibility, several expression constructs of OV20.0 were made and tested in transient transfections. These constructs were (i) wild-type OV20.0 with a C-terminal eGFP fusion (OV20.0-eGFP), (ii) OV20.0-eGFP with a Kozak consensus sequence introduced in the optimal location ahead of the first ATG (Kozak20-eGFP), and (iii) OV20.0-eGFP truncated such that it starts with the downstream ATG anticipated to give rise to sh20 (sh20-eGFP). Both the full-length and smaller isoforms were found in lysates from cells transfected with OV20.0-eGFP, whereas only the larger and smaller isoforms were found where the Kozak20-eGFP and sh20-eGFP constructs were transfected, respectively (Fig. 1D, left) . This finding was extended further, using tandem affinity purification (TAP) fusions in case eGFP or other vector elements might be affecting the result (Fig.  1D, right) . Again, both isoforms were detected for wild-type OV20.0. However, when a modification was made to ablate the putative downstream initiating codon (change from AUG to AUU), sh20 was no longer detectable. Taken together, these data show that OV20.0L encodes two protein isoforms that are expressed during ORFV infection and suggest that these arise due to the use of alternate start codons during translation.
Cellular distribution of OV20.0 and sh20 in mammalian cells. Since the deduced sequence of an NLS is not present in sh20 (Fig. 1A) , we investigated whether the localization of this isoform differed from that of full-length OV20.0. To do this, we took advantage of Kozak20-eGFP as a comparison because this construct expresses only the full-length OV20.0. Cells transfected with Kozak20-eGFP contained fluorescence predominantly in the nucleus, with only a subset of cells having subnuclear fluorescence. This contrasted with sh20-eGFP, in which the fluorescence was largely in the cytoplasm (Fig. 2A) . To detect the cellular distribution of sh20 in ORFV-infected cells, recombinant ORFVs were made, expressing either wild-type OV20.0 or sh20. In these viruses, OV20.0L was replaced with two expression cassettes, the first expressing eGFP from a vaccinia virus H5 promoter and the second expressing the sh20 isoform or wild-type OV20.0 under its native promoter. These viruses were named sh20-GFP and OV20.0-GFP. The results from infected cells are consistent with those obtained from transiently transfected cells (Fig. 2B) . These observations were supported by fractionation and immunoblot analyses that found that the proteins expressed by Kozak20 and sh20 were mainly in the nucleus and cytoplasmic fractions, respectively ( Fig. 2C and D) . These locations mirrored those of the relevant isoform expressed from wild-type OV20.0L.
Evaluating the dsRNA binding ability of OV20.0 and sh20. A major function for OV20.0 is binding of dsRNA. To facilitate the investigation of this function in vitro, the OV20.0 isoforms were expressed in E. coli and purified via nickel-nitrilotriacetic acid (Ni-NTA) chromatography (Fig. 3A) . VACV E3 and VVE3⌬C (the C-terminally truncated VACV E3 without the dsRNA bind-ing domain) were also produced to be used as positive and negative controls, respectively. First, both OV20.0 isoforms were shown to bind poly(I·C) (a synthetic dsRNA) beads in a pulldown assay, remaining in the pellet fraction after intensive wash procedures, unlike VVE3⌬C (Fig. 3B) . Second, in a competitive assay in which both OV20.0 isoforms were simultaneously incubated with poly(I·C) beads, the dsRNA binding capability of full-length 20.0 and sh20 were found to be similar (Fig. 3C) . Third, these results were confirmed using an ELISA-based method in which the OD 450 values reflected the amount of recombinant protein bound to dsRNA. VVE3 and both isoforms of OV20.0 bound dsRNA to a similar extent, and in each case this binding was significantly better than that of VVE3⌬C (Fig. 3D) . Fourth, the specificity of the ELISA-based dsRNA binding assay was confirmed using free poly(I·C) as a competitor that was shown to decrease the OD 450 in a dose-dependent manner for all proteins except for VVE3⌬C (Fig. 3E) . Finally, poly(I·C-coated beads were able to pull down both isoforms of OV20.0 in lysates from infected cells (Fig. 3F) . Together, these findings indicate that both the full-length OV20.0 and sh20 are able to bind dsRNA.
Wild-type OV20.0 directly interacts with PKR. Inhibition of PKR activation mediated by OV20.0 has been demonstrated in an in vitro system, but the mechanism was not determined (25) . VACV E3 inhibits PKR activation by sequestering the dsRNA substrate and via a direct interaction (5, 16, 31) . For this reason, we tested whether wild-type OV20.0 also interacts directly with PKR using coimmuno- and examined by fluorescence microscopy. (B) Cells were infected at an MOI of 1 with recombinant ORFV OV20.0L-FLAG-eGFP (OV20-GFP virus) or sh20-FLAG-eGFP (sh20-GFP) for 48 h before detection of FLAG by immunostaining and fluorescence microscopy. (C) The cellular distribution of OV20.0 isoforms was analyzed by immunoblotting. Lysates of Vero cells transfected with plasmids expressing eGFP fused to wild-type OV20.0 (WT OV20.0), Kozak-OV20.0 (Kozak20), or short-form OV20.0 (sh20) were divided into nuclear (N) and cytoplasmic (C) fractions before separation by SDS-PAGE and detection on Western blots using anti-OV20.0 antibody. The nuclear protein TATA box binding protein (TBP) and two cytoplasmic proteins, GAPDH and eIF4H, were used as controls for nuclear and cytoplasmic fractions, respectively. (D) The intensity of full-length OV20.0-eGFP and sh20-eGFP expressed in these transfectants was measured, and the ratios of nuclear to cytoplasmic proteins were plotted. precipitation of recombinant proteins in vitro and from lysates from transfected mammalian cells and ORFV-infected cells. Recombinant OV20.0 was able to be precipitated using an anti-PKR antibody protein after a 1-h incubation with human PKR (Fig. 4A, top) , unlike the negative-control thioredoxin (Fig. 4A, bottom) . This indicates that OV20.0 interacts with PKR in the absence of other proteins. Consistent with this, OV20.0 but not eGFP coimmunoprecipitated with human PKR in lysates of 293T cells transfected with constructs expressing these proteins (Fig. 4B) . Finally, anti-PKR was able to precipitate OV20.0 in lysates of human A549 cells transfected with a PKR expression plasmid and infected with ORFV at an MOI of 1, demonstrating that this interaction can also occur during infection (Fig. 4C) .
sh20 directly interacts with PKR. Next, we wondered whether sh20 might also directly interact with PKR. Using a cell-free system similar to the one described above, recombinant sh20 was found to interact with PKR protein (Fig. 5A ). To confirm this interaction in mammalian cells, plasmids expressing (i) Kozac20-eGFP, (ii) sh20-eGFP, or (iii) eGFP were cotransfected with a PKR expression construct and cell lysates were immunoprecipitated with anti-PKR. Both isoforms of OV20.0, but not eGFP alone, and VACV E3 with a dsRNA binding motif deletion (VVE3⌬C), were expressed and purified. (B) Full-length OV20.0, sh20, or VVE3⌬C (negative control for dsRNA binding) were incubated with poly(I·C) beads for 1 h. After centrifugation to collect any protein bound to beads, the supernatant (S) was kept before the pellet was washed two times (W1 and W2) before being collected (P). Proteins in each part were detected using an anti-His antibody on Western blots. (C) For analysis of the relative dsRNA binding ability between OV20.0 and sh20 proteins, equal amounts of the two proteins were incubated in the same tube with binding buffer for 1 h at 4°C, followed by fractionation, wash steps, and Western blotting as described above. (D) Quantification of the dsRNA binding ability of various E3 orthologous proteins by ELISA. One microgram of purified recombinant proteins as indicated was incubated with biotin-conjugated dsRNA beads for 1 h. The protein-dsRNA mixtures were then subjected to quantification by ELISA as described in Materials and Methods. Each protein was normalized against the negative control, and the value for the VVE3 protein was set to 1.0. Each bar represents the mean (ϮSE) of three independent repeats. (E) Competition of poly(I·C) with dsRNA binding with E3 orthologs. Poly(I·C) amounts as indicated were incubated with protein mixtures and biotin-conjugated dsRNA beads for 1 h, and bound protein was detected by ELISA as described for panel D. (F) Interaction of viral OV20.0 isoforms with dsRNA in orf virus-infected cells. Goat fibroblast cells were infected with ORFV at an MOI of 5 for 24 h, cell lysates were harvested, and dsRNA-binding activity was detected by poly(I·C) pulldown assay.
ulation and was substantially increased at the two later time points (Fig. 6A, top) . In contrast, OV20.0 completely blocked the activation of PKR at 1 and 2 h after poly(I·C) treatment. Furthermore, the inhibition of PKR activation by OV20.0 led to greatly reduced eIF2␣ phosphorylation compared with that of the eGFP-transfected cells (Fig. 6A, bottom) . To examine whether both isoforms inhibited PKR activation, transfections were repeated using plasmids expressing OV20.0, Kozak20 (referred to as K20), or sh20, and PKR phosphorylation was determined 4 h after poly(I·C) stimulation. PKR activation after poly(I·C) treatment was observed in both the mock-transfected and eGFP-expressing cells, but this phosphorylation was strongly reduced by all the OV20.0 constructs (Fig. 6B) .
OV20.0 and sh20 inhibit production of antiviral cytokines. Inhibition of PKR is known to block the cytokine response to virus infection (13, 32) . To test whether both OV20.0 isoforms could inhibit the release of antiviral cytokines, supernatants from OV20.0 isoform-expressing cells stimulated with poly(I·C) were tested for their ability to inhibit Sindbis virus (SINV) infection. SINV infection is highly sensitive to IFN (28), and we used a recombinant SINV expressing eGFP to allow easy monitoring of infection. In these experiments, all the supernatants reduced SINV infection compared to the mock-treated culture. However, based on both the intensity of fluorescence and the number of eGFP ϩ cells, SINV infection was less inhibited when cells were treated with supernatant from poly(I·C)-stimulated cells expressing full-length OV20.0 or sh20 than with the control (Fig. 7A) . This was confirmed by immunoblotting, which showed greater eGFP expression in the SINV-infected cultures pretreated with supernatants from both OV20.0-expressing cells than in those treated with the control (Fig. 7B) . To explore the cytokines that might be inhibited by OV20.0, transcription of IFN-␤ and TNF-␣ 
FIG 7
Induction of an antiviral state by both full-length OV20.0 and sh20 proteins. 293T cells were transfected with plasmids expressing full-length OV20.0 (Kozak20), short-form OV20.0 (sh20), or eGFP proteins. After a 24-h posttransfection, the cells were further transfected with 1 g/ml poly(I·C) for 4 h. The supernatant was transferred to another well and incubated with 293T cells for 8 h, followed by infection with recombinant Sindbis virus (SINV) expressing eGFP (at an MOI of 0.5) for 24 h. The infection with SINV was measured by fluorescence microscopy; the image under "Mock" shows infection with SINV in cells without any treatment (A). The eGFP expression level was also measured by Western blotting with eGFP antibody (B). The RNA levels of various cytokines (TNF-␣ and IFN-␤) in K20, sh20, and eGFP plasmid-transfected cells followed by poly(I·C) treatment were monitored by real-time reverse transcription-PCR. The relative expression level of TNF-␣ and IFN-␤ to GAPDH (serves as internal control) was plotted (C).
was measured in cells transfected with OV20.0 constructs before poly(I·C) stimulation. Expression of IFN-␤ was reduced in the presence of both OV20.0 isoforms, compared with eGFP-expressing control cells (Fig. 7C) . However, TNF-␣ expression was reduced only by full-length OV20.0. Taken together, these findings demonstrate that both OV20.0 isoforms inhibit antiviral defenses.
Attenuation of virulence in mice infected with recombinant orf virus expressing sh20. The C terminus of vaccinia virus E3 confers resistance to IFN and is well characterized, but recently a separate role in the inhibition of IFN was found for the N terminus of E3 in mice and primary cells (33) . Our study thus far has demonstrated that full-length OV20.0 and sh20 function similarly in vitro, but it remains important to determine if they are equivalent in vivo.
To this end, a revertant of sh20-GFP in which the H5-eGFPsh20 cassettes were replaced with the original OV20.0L sequences (sh20-Rev), in comparison with the other two recombinant viruses (OV20.0-GFP and sh20-GFP), was also made. The growth of these viruses in goat fibroblast cells was indistinguishable from that of the parent ORFV over 24 h (Fig. 8A) , demonstrating that neither insertion of the eGFP cassette nor the expression of sh20 instead of wild-type OV20.0 alters replication in vitro.
To test whether sh20 could substitute for wild-type OV20.0, BALB/c mice were infected with sh20-GFP, OV20.0-GFP, and sh20-Rev by scarification of the ear. As shown in Fig. 8B , mice infected with the ORFV expressing wild-type OV20.0 lost more weight than those that received sh2-GFP or PBS (Fig. 8B) . This was statistically significant on days 2, 3, and 4 (Fig. 8B) . Similarly,
FIG 8
Characterization of the recombinant orf virus bearing sh20. In addition to OV20-GFP and the sh20-GFP recombinant orf viruses, a revertant virus (sh20-Rev) was also made by replacement of the sh20L-eGFP expression cassette with the wild-type OV20.0L-coding region. (A) The growth kinetics of these three recombinant viruses, OV20-GFP, sh20-GFP, and sh20-Rev viruses, were compared with that of wild-type orf virus (WT). Pathogenicity and the regulation of the immune reaction by wild-type orf virus (WT) and recombinant sh20-GFP and sh20-Rev orf viruses were characterized using a mouse model. The weight loss of the mice infected with the various orf viruses or with PBS (as mock control) was monitored from the day of infection as indicated; asterisks indicate (as detailed in Materials and Methods) the significant difference observed between mice infected with OV20-GFP virus and those infected with sh20-GFP virus (B). (C) Cumulative lesion scores were recorded. (D) Orf viruses in mice were isolated from the region of inoculation, and the virus titer of each mouse was determined by standard plaque assay. The average titer of the virus was then plotted. (E) On the fifth day after infection, the mice were bled and sacrificed. The levels of cytokines (IL-6, TNF-␣, and IFN-␥) were detected by ELISA.
infection with the sh20-GFP virus caused less severe lesions than OV20.0-GFP and sh20-Rev, as indicated by the significantly lower cumulative score of clinical signs (Fig. 8C) . To determine if this difference in pathogenesis was related to increases in virus growth in vivo, ears were removed from groups of mice on day 5 after infection and virus loads were measured by plaque assay. Similar amounts of virus were recovered from mice infected by OV20.0-GFP and sh20-Rev, but in comparison, titers of sh20-GFP were reduced by over 3 orders of magnitude (Fig. 8D) . Finally to examine the role of OV20.0 isoforms in immune modulation, the levels of IFN-␥, IL-6, and TNF-␣ were measured in the sera of infected mice at 5 days p.i. The amounts of all cytokines were similar in mice infected with OV20.0-GFP and sh20-Rev, but in comparison with these groups, those infected with sh20-GFP had much higher levels in their sera (Fig. 8E ). In comparison with what was seen in mock-infected mice (PBS), IL-6 and IFN-␥ were not suppressed by sh20-GFP infection and TNF-␣ was strongly stimulated. Taken together, our findings from this mouse model demonstrate that the presence of the N terminus of the OV20.0 plays an important role in ORFV virulence, most likely due to a role in restraining the release of proinflammatory cytokines.
DISCUSSION
This study presents the first detailed analysis of OV20.0 that takes into account the two isoforms, separately analyzes their functions in vitro, and demonstrates a crucial role for the full-length isoform in vivo.
Leaky scanning by ribosomes is used by several viruses to generate multiple proteins from a single mRNA transcript (34, 35) . For instance, the S1 genome segment of avian reovirus has three sequential open reading frames, which partially overlap each other, and two of the three proteins, namely, p10 and p17, are produced from different translation initiation sites (35) . Another example is human papillomavirus (HPV) type 16, which produces the E7 protein from an E6/E7 bicistronic mRNA by leaky scanning (34) . The present investigation demonstrated that this mechanism is most likely used by ORFV to produce two isoforms of OV20.0, as is the case with E3, the ortholog from vaccinia virus (26) . This conclusion is supported by our data from assays using two different mutations. First, the shorter sh20 isoform was predicted to be produced when the ribosome scans through two AUGs and initiates translation at the third AUG (codon 80), which has an intermediate Kozak sequence (CCCAUGG, where underlining indicates the consensus sequence) (36) . Consistent with this, mutation of this third AUG to AUU abolished sh20 expression (Fig. 1D, lane ⌬3ATG) . Second, in contrast to this third possible site for initiation, the first AUG has a poorer context (Fig. 1B) . Creation of a full Kozak consensus sequence around this first AUG also eliminates the sh20 isoform. Finally, we also noted that a faint band between full-length OV20.0 and sh20 was observed, and we speculate that this form might result when translation starts at the second AUG (codon 43), which is also in a poor Kozak context. In contrast to our findings in mammalian cells, only one form of the OV20.0 protein was produced from His-tagged OV20L in a prokaryotic expression system. This result was expected because the expression vector contains a built-in ribosome binding site (consensus Shine-Dalgarno sequence AGGAGG) at the 5= end of the OV20.0L gene to ensure that the first ATG will be used to initiate translation.
Viruses have evolved numerous ways of counteracting PKR activation. Human cytomegalovirus (HCMV) TRS1 protein directly binds with PKR, and interaction of TRS1 directs PKR to the nucleus, where PKR may be sequestered from its substrate (19, 37, 38) . Alternatively, some viruses interfere with PKR signaling by competing with dsRNA, one of the substrates that induce PKR activation (39) (40) (41) . The NS1 protein of influenza virus possesses dsRNA binding ability and causes inhibition of PKR phosphorylation and therefore also transphosphorylation of eIF2␣, ultimately leading to the IFN-␣/␤ signaling pathway being disarmed (42) . The VACV E3 protein interacts with the ␣␤␤␤␣ structure in the N terminus of PKR as well as the substrate domain at the C terminus of PKR (16, 43, 44 ). The present study shows that OV20.0 protein is able to block PKR activity by several means. Both isoforms were shown to bind dsRNA, which would inhibit PKR activation, as well as to interact directly with PKR itself. Nevertheless, whether dsRNA bridging could enhance the interaction of OV20.0 with PKR requires further investigation. One of the consequences of PKR activation is phosphorylation of eIF2␣, which brings a halt to the initiation of translation of both cellular and viral RNAs (45, 46) . VACV encodes two proteins that interferes with PKR signaling, E3 as noted already and K3. K3 shares 33% identity with eIF2␣ and mimics the eIF2␣ structure to interfere with the binding of PKR to its authentic substrate (47) . Thus far, OV20.0 is the only ORFV protein that inhibits PKR, and this virus lacks a K3 ortholog (21) . While OV20.0 and sh20 are able to curb the activation of PKR following poly(I·C) stimulation, resulting in reduced eIF2␣ phosphorylation, the lack of a K3 ortholog means that OFRV is more reliant on this mechanism to counteract the host IFN response than some other poxviruses. It is worth noting that in contrast with the full-length OV20.0 protein, a large proportion of sh20 remains in the cytoplasm in transfected cells ( Fig. 2A) and also in ORFV-infected cells (Fig.  2B) . It is possible that the different cellular distributions are due to the putative NLS in the full-length OV20.0 and its absence in the N-truncated sh20 protein. An NLS motif has been reported in the N terminus of VACV E3 (48) . As indicated by underlining in Fig.  1A , residues 41 to 45 (KREVNK) of VACV E3 show some resemblance to a degenerate NLS motif (K K/R X K/R) (49) , and this is partially conserved in OV20.0 (KHEANR). However, some sh20 was found in the nucleus, even though this form lacks this sequence, suggesting that OV20.0 has an additional mechanism for nuclear localization. This is reminiscent of myxoma virus M029, a functional ortholog of OV20.0 and E3, which like sh20 is missing around 80 amino acids from the N terminus (50) . All poxviruses replicate and transcribe their genomes exclusively in the cytoplasm, which is then the main site of viral dsRNA production. Therefore, a cytoplasmic location for sh20 might increase the possibility for sh20 to interact with dsRNA and PKR. The one clear difference between the functions of the isoforms in vitro was the failure of sh20 to inhibit TNF-␣ transcription. It is tempting to speculate that this function of full-length OV20.0 might be due to the putative Z-DNA binding domain that is largely conserved compared with E3 and is missing from sh20. The Z-DNA binding domain of E3 is important for VACV pathogenicity (51) through the suppression of proinflammatory signal transduction (52) (53) (54) . If so, nuclear localization of full-length OV20.0 could be important to allow interaction with cytokine promoters. Again, there are further precedents from other viruses: the W protein of Nipah virus is localized to the nucleus and suppresses the activation of promoters responding to the stimulation of the Toll-like receptor 3 (TLR3) by dsRNA (55) . Another property of VACV E3 related to its localization is that it covalently conjugates with small ubiquitin-like modifiers, such as SUMO-1 or SUMO-2 via a SUMOinteracting motif (SIM), and colocalizes with SUMO-1 to subnuclear domains (56) . This interaction with SUMO proteins reduces transcriptional transactivation of p53-regulated genes by E3. Interestingly, OV20.0 was also found in punctate subnuclear foci ( Fig. 2A) . Further, a comparison of E3 and OV20.0 amino acid sequences found that the conserved lysine residues involved in SUMO modification and the putative SIM domains are conserved between these proteins (56) . To elucidate the function of OV20.0 in the nucleus, several issues are critical and require further investigation; these include whether localization of OV20.0 in the subnuclear domains is related to SUMO-1 modification, what possible effect changes in SUMO modification brought by OV20.0 can have on virus replication, and whether the interaction of OV20.0 with protein(s) in the nucleus contributes to its effect on innate antiviral defense.
With the exception of the inhibition of TNF-␣ noted above, OV20.0 and sh20 appeared to be largely functionally redundant in vitro. This was supported by the generation and testing in vitro of a recombinant ORFV expressing only the sh20 isoform of OV20.0 and suitable control viruses. To extend the study to an in vivo setting, we used a recently described model for ORFV infection in which the ears of mice are scarified with a needle and a drop of virus is added to mimic the natural route of infection (29) . These studies demonstrated a very profound role for the full-length OV20.0 for ORFV replication in vivo and pathogenesis. Continuous weight loss was observed in mice infected with recombinant ORFV expressing wild-type OV20.0 (OV20.0-GFP and sh20-Rev), whereas mice infected with sh20-GFP virus began to regain weight at 2 days p.i. Further, sh20-GFP was less able to replicate in mouse ears, with virus loads being under 3 log 10 lower than control viruses by 5 days p.i. This is a very rapid difference that suggests a role for full-length OV20.0 in inhibiting very early innate responses to ORFV infection. In line with this, the production of proinflammatory cytokines IL-6 and TNF-␣ was greatly increased in the sera of mice infected with sh20-GFP compared with that in the sera of mice receiving the control recombinant viruses. These cytokines were also higher in sh20-GFP-infected mice than in mock-infected mice, whereas IL-6 and TNF-␣ were reduced or unaltered, respectively, by OV20.0-GFP infection. IFN-␥ was reduced in the sera of OV20.0-GFP-infected mice, but sh20-GFP was unable to lower the levels of this cytokine. All of this evidence points to an important role for the N-terminal sequences of OV20.0 in modulating production of multiple inflammatory and antiviral cytokines. This is supported by the demonstration that full-length OV20.0, but not sh20, was able to inhibit TNF-␣ transcription after poly(I·C) stimulation of cells in culture. A virus deficient in OV20.0 would be useful to define the contribution of OV20.0 in PRFV virulence in animals. However, loss of OV20.0 seems detrimental to ORFV in that we were not able to generate an OV20.0 null ORFV that was free of parent virus. We speculate that OV20.0 is the only inhibitor of IFN signaling in ORFV and therefore is essential for growth of the virus and plays an irreplaceable role in counteracting cell-intrinsic antiviral responses.
In conclusion, we have characterized the two isoforms of OV20.0, finding that they perform very comparably in their ability to bind dsRNA and directly interact with PKR, leading to inactivation of this pathway in assays in vitro. In contrast, the sh20 isoform is unable to control production of other cytokines, such as TNF, and this might lead to a requirement for the full-length OV20.0 to maintain ORFV replication in the face of a full host response in vivo.
